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Abstract: In light of a need for low-frequency, high sensitivity and broadband cardiac murmur signal
detection, the present work puts forward an integrated MEMS-based heart sound sensor with a hollow
concave ciliary micro-structure. The advantages of a hollow MEMS structure, in contrast to planar
ciliated micro-structures, are that it reduces the ciliated mass and enhances the operating bandwidth.
Meanwhile, the area of acoustic-wave reception is enlarged by the concave architecture, thereby
enhancing the sensitivity at low frequencies. By rationally designing the acoustic encapsulation,
the loss of heart acoustic distortion and weak cardiac murmurs is reduced. As demonstrated by
experimentation, the proposed hollow MEMS structure cardiac sound sensor has a sensitivity of
up to —206.9 dB at 200 Hz, showing 6.5 dB and 170 Hz increases in the sensitivity and operating
bandwidth, respectively, in contrast to the planar ciliated MEMS sensor. The SNR of the sensor is
26.471 dB, showing good detectability for cardiac sounds.
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1. Introduction

Auscultation is one of the routine diagnostic techniques for clinical cardiovascular
diseases. Before the 19th century, doctors rested their ears against a patient’s chest for “di-
rect hearing”. It was not until 1816 that Laennec, a French physician, developed a wooden
stethoscope, thus enabling “indirect auscultation” and forming disciplines including car-
diac auscultation [1]. Cardiac sound signals respond to the mechanical movement and
comprehensive status of the cardiac and cardiovasculature systems, including the patho-
logical and physiological traits of various cardiac parts, as well as relevant interactions [2].
At present, there is still a problem of delayed detection in the diagnosis of cardiovascular
disease by ECG. For example, in the detection of coronary cardiac disease, a change in the
ECG signal can only be caused when the coronary artery occlusion rate is above 70%. In
actual clinical tests, the cardiac sound signal can be changed when the obstruction reaches
25% [3]. Since the cardiac sound signal has a wide-distribution frequency range (distributed
in 20~800 Hz), there are low-frequency components (below 100 Hz), mid-frequency com-
ponents (100~200 Hz), and high-frequency components (above 200 Hz) [4]. Therefore,
higher requirements are proposed for the working bandwidth and sensitivity of electronic
stethoscopes. The research and development of high-performance cardiac sound sensors
have become the core of electronic stethoscope development [5].

After constant progress and enhancement regarding medical auscultation, 3M Littmann
in the USA made a prominent breakthrough in 2000, namely the first attempt to develop
an electronic stethoscope for auscultation. Alongside the ongoing scientific development
and improvement, the stethoscope is becoming intelligent, electronic, and mobile. In
addition, Bifulco et al. proposed a PVDF sensor that allows simultaneous recording of
respiration, Seismocardiogram (SCG), and heart sounds in 2014 [6]. Liu et al. described
an epidermal mechano-acoustic sensor based on soft electronics in 2016 [7]. Jain et al.

Micromachines 2022, 13, 2174. https:/ /doi.org/10.3390/mi13122174

https://www.mdpi.com/journal /micromachines


https://doi.org/10.3390/mi13122174
https://doi.org/10.3390/mi13122174
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/micromachines
https://www.mdpi.com
https://orcid.org/0000-0002-0422-2634
https://orcid.org/0000-0001-6572-2045
https://orcid.org/0000-0003-1762-9246
https://orcid.org/0000-0001-9897-1718
https://doi.org/10.3390/mi13122174
https://www.mdpi.com/journal/micromachines
https://www.mdpi.com/article/10.3390/mi13122174?type=check_update&version=1

Micromachines 2022, 13, 2174

20f15

focused on extracting heart sounds from SCG signals, thus demonstrating the possibility
of using accelerometers as heart-sound sensors in 2016 [8]. Anumukonda, M. et al. put
forward a high-density microphone-based heart-sound sensor in 2016 [9]. Afattah et al.
invented a cardiac acoustic sensor utilizing a piezoelectric PVDF thin film in 2017 [10].
Moreover, Choudhary et al. devised a method for extracting basic heart sounds (HSs)
from SCG signals to achieve a good location of HS waves S1 and S2 in one SCG cycle
without the use of a reference ECG cycle in 2018 [11]. Martinek et al. fabricated an ad-
vanced interferometric heart-sound sensor in 2018 with the application of optical fiber [12].
Lee et al. proposed a novel skin-compliant device based on triaxial accelerometers with
800 Hz bandwidth, which proved capable of recording various physiological activities,
such as respiration, cardiac activity (including heart sounds), swallowing, and vocal-fold
vibrations in 2019 [13]. Ha et al. presented an E-tattoo sensor capable of recording ECG,
SCG, and heart sounds in 2019 [14]. Gupta et al. developed a monolithic integrated sen-
sor that featured a triaxial accelerometer for monitoring body motion, respiration, and
SCG, and a piezoelectric sensor for simultaneous recording of heart and lung sounds in
2020 [15]. A piezoelectric lead zirconate titanate sensor designed by Andreozzi et al. was
proposed for use in cardiographic techniques in 2021. It allows simultaneous recording
of breathing, infrasound heart vibrations, and heart sounds from a single location in the
chest [16]. Centracchio et al. developed a new technique for measuring the local force on
the chest wall generated by the mechanical activity of the heart through cardiography in
2022 [17]. Andreozzi et al. recorded heart-induced vibrations in the chest wall through
cardiography using a special force sensor, which was shown to be able to simultaneously
monitor breathing, heart sounds, and infrasonic heart vibrations from a single point of
contact on the chest in 2022 [18]. However, the common piezoelectric thin-film electronic
stethoscope cannot obtain much information about the cardiac sound signal because of
their poor low-frequency response and the primary distribution of the main components of
the cardiac sound signal in the low-frequency range, which makes the investigation of the
recognition and feature extraction of heart acoustic signals extremely challenging.

With the advancement and progress of MEMS technology, the use and promotion of
precision biomimicry of biological microstructures has become technically feasible in the
medical field. Using MEMS technology, Zhang Guojun et al. developed a bionic sensing
unit for identifying cardiac sounds in 2019, in which the piezoresistors and beams were
used as the core, and the piezoresistive effect was used to establish a signal-conversion
bridge between mechanical energy and electrical energy. This was a beneficial attempt
to enhance the sensitivity and SNR of the cardiac sound sensor, implying diversified
progress in the techniques for cardiac acoustic auscultation [19]. MEMS sensors have been
shown to accurately measure heart-sound signals. In this study, we investigated a new
type of MEMS sensor that is also capable of capturing heart sounds, thus enriching the
information obtained through MEMS technology. In particular, the new MEMS sensor
integrated with hollow concave cilia proved to be a suitable device for collecting heart-
sound signals, providing a new sensor design method. The fixed ear on the sensor can be
fixed to the human body, reducing friction interference generated by handheld sensors,
while the acoustic impedance pack design allows better perception and acquisition of heart-
sound signals [20]. The 3M Littmann electronic stethoscope is a relatively mature electronic
stethoscope on the market. The ability to collect heart-sound signals was compared between
our MEMS sensor and a 3M electronic stethoscope to prove the reliability of sensing and
acquiring heart-sound signals.

2. Materials and Methods
2.1. Principle and Structure

As depicted in Figure 1a, the MEMS-based cardiac sound sensor has a cilium-beam
architecture that primarily biomimics the structural pickup mechanism of 3D hair-cell fiber
bundles in the human aural system. The cardiac sound signal is transmitted to the surface
of the thoracic cavity through human tissue and is perceived by the probe of the proposed
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sound sensor. Acting on the rigid bionic cilium of the sensor causes the rigid bionic cilium
to swing, and the swing of the cilium drives the connected cantilever beam to twist. The
novel biomimetic MEMS micro-structure composed of cilium fabricated using 3D printing
technology and a high-precision cantilever fabricated using the MEMS process are shown
in Figure 1b. Combining the piezoresistive effect and MEMS process technology, a variable
resistor is implanted in the area where the linear stress of the cantilever changes the most
as illustrated in Figure 1c, and the Wheatstone bridge is formed, as presented in Figure 1d
(Vcc indicates the input voltage for the bridge and V,,; indicates the output voltage).

a b
( ) Cochlea ()
77
——>Bionic cilium

Cantilever beam

Body fluids 3D fiber bundles
Nerve
Hair cells
© ()
Vee O—
R, R,

GND
—

Figure 1. (a) Mechanism of human hearing. (b) Micro-structure of biomimetic MEMS. (c) Schematic
diagram of cantilever beam structure. (d) Wheatstone bridge.

When the sound wave applies to the cilium, the cilium swings under force, and the
beams connected with the cilium deform. Resistance values of the variable resistor on
the beams change because of the force as shown in Figure 2c. Ry, Ry, R3 and R4 form
the Wheatstone bridge [21,22]. Finally, via the Wheatstone bridge, the transformation of
mechanical distortion into voltage output is possible, and the acousto-electric conversion
of the cardiac sound signal is realized. Where the cilium is not imposed with any acoustic
wave, the Wheatstone bridge becomes a balanced circuit. The computational formula for
the bridge’s output voltage in an equilibrium state is shown in Formula (1):

(R1R3) — (RaRy)

V =
T Ry +Ry)(Rs+Ry)

)

When the sound wave applies to the cilium, the cantilever beam is deformed. The
computational formula for the bridge’s output voltage in the current case is presented in
Formula (2):

(R1+ AR1)(R3 4+ AR3) — (Ry — ARy)(Rg4 — ARy)
(Rl + Ry + ARy — ARz)(Rg + R4 + ARz — AR4)

Vout = Vcc (2)

The respective voltage resistor values in this Formula satisfy R = Ry = R3 = R4 =R, and
the corresponding variation amount for resistance values is ARy = ARy = AR3 = ARy =R
and AR < R. Hence Formula (1) can be reduced to Formula (3).

AR

Vout = T VCC (3)
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The resistivity-alteration-induced relative variation of resistance can be indicated by:
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Figure 2. (a) Micro-structure model for the sensor. (b) Model for piezoresistor on beams. (c¢) Mechani-
cal analysis of the micro-structural model. (d) Micro-structure model of the hollow-concave cilium.

In Formula (4), 07 means the longitudinal stress on each piezoresistor, 77; refers to the
longitudinal piezoresistive coefficient of each piezoresistor. With Formulas (3) and (4), the
output voltage is proportionally correlated with the variation in piezoresistors’ resistance.
Owing to cantilever beam stress, greater stress changes imply greater piezoresistance
changes as well as higher cardiac sound sensor sensitivity.

The mechanical analysis of the micro-structural model is shown in Figure 2c, where
Fx denotes the force applied to the cilium in the X direction. In line with theoretical
mechanics and material mechanics principles, the force analysis of each cantilever beam is
available [23]:

L%+ 3aL —3x(a+L) PS
Oy = PShy £ — 5
T T 2w (12 4 3aL 4 322) 0 Wt ©)
In
§=m(1+M?) + 7r(h - d) ©)
For i (h—d)
hO = E + > (7)

In Formula (5), P and S refer separately to the external acoustic pressure of and force
area on the acoustic signal receiving cilium, and /i stands for the cilium structure barycenter.
The expressions of surface S and center of gravity hy of the concave cilia are shown in
Formulas (6) and (7). L is the length of the micro-structure cantilever beam, ¢ is the thickness
of the micro-structure cantilever beam, W is the width of the micro-structure cantilever
beam, and 2a is the length of the middle block side of the micro-structure cantilever beam.
Although directly proportional to the area for acoustic signal acquisition, the stress on
the cross beam shows the inverse proportion to the cantilever beam width and thickness.
The bionic cilium is a vital structure for the reception of cardiac sound signals by the
MEMS-based sensor. According to Formula (5), the stress on the cantilever beam shows a
positive correlation with the stress area of cilium [23].
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Thus, the MEMS cardiac sound sensor’s sensitivity is promoted by enlarging the
cilium’s force area. Through the incorporation of particular actual conditions into the
process flow design, a design strategy is formulated, which consists of processes such as
lithography, doping, bonding, oxidation, dry/wet etching, implantation of ions, metal
sputtering, deposition, scribing, and cleaning [24]. Figure 3 illustrates the overall process
flow. Table 1 presents the structural parameters in the micro-structure.
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ﬁ
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(a).Preparation of SOI wafer
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(i).Back etching silicon substate

0 N
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ERP S Si Si0, Au
High B ion Low B ion
(j)-Back etching buried oxide layer (K).Front release structure

Figure 3. Schematic diagram of the main process flow of the sensor micro-structure.

Table 1. Parameters for sensitive structures.

Structure Name Parameter (mm)

Length of beams (L) 1 mm
Thickness of beams (t) 0.03 mm
Width of beams (W) 0.12 mm
Half-length of the center block’s side (a) 0.3 mm

The natural frequency of sensor micro-structure shows an association with micro-
structure size as seen in Figure 2d. For the reception and detection of cardiac sound signal
scope, the sensor’s working frequency band is a direct impact factor, which becomes
wider as the natural frequency of the micro-structure heightens. Since the cardiac sound
signal has a wide-distribution frequency range (distributed in 20~800 Hz), there are low-
frequency components (below 100 Hz), mid-frequency components (100~200 Hz), and
high-frequency components (above 200 Hz) [25]. Hence, for the valid reception of most
pathologic cardiac murmurs, the heart-sound sensor must have a high operating frequency
band. The computational formula for the micro-structure’s natural frequency f is shown in

Formula (8):
1 [k
f= 2\ m ®

where k represents the beam rigidity and m represents the cilium mass. According to
Formula (8), the working frequency band of the micro-structure will decrease as cilium
mass increases. Hence, for improving the sensitivity and working frequency band of the
micro-structure, it is necessary to optimize it. Thus we improve the working frequency
band of the micro-structure by reducing the mass of cilium and improve the sensitivity
of the micro-structure by increasing the force area of cilium receiving sound waves. In
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addition, the natural frequency of the cilium structure is associated with Young’s modulus
in the material the cilium is made of.

a E

=12 0 )

In Formula (9), p means the material density in the cilium structure and E indicates
Young’s modulus in the cilium structure. As Young’s modulus increases, the natural
frequency of the micro-structure increases. Therefore, for improving the natural frequency
and performance of the cardiac sound sensor, cilium material must be carefully chosen
based on two requirements: (1) the cilium material density must be close to human tissue
density; (2) Young’s modulus in the cilium material must be relatively large. In our research,
photosensitive resin was selected as the cilium material, and Table 2 demonstrates its precise
material properties.

Table 2. Material properties of photosensitive resin.

Elastic Modulus (Pa)
42 x 10°

Material Density (Kg/m3 ) Poisson Ratio

1.2 x 10° 0.41

Photosensitive resin

Under the above theory, to realize the wide-band and low-frequency high-sensitivity
features of the cardiac sound sensor, this study designed a hollow concave cilium. At an
identical size, in contrast to the MEMS cardiac sound sensor with a planar bionic cilium
(Figure 4a), the hollow concave cilium micro-structure (Figure 4b) allows the cardiac sound
sensor to have a broader frequency band and high sensitivity to low frequencies. While
the heart-sound sensor collected heart sounds, the subject lay supine on the platform and
breathed naturally. The signal acquisition location of the heart-sound sensor is the mitral
valve auscultation area.

(a) . (b)

Sectional drawing Sectional drawing

Figure 4. (a) Integrated micro-structure model of the planar cilium. (b) Integrated micro-structure
model of the hollow concave cilium.

2.2. Encapsulation Method

An adhesive (UV-cured) is utilized to secondarily integrate the micro-structures of
bionic cilium and sensor. The bionic cilium is made by 3D-printing technology, and the
main material is resin. The 3D-printed-resin biomimetic cilium was integrated with the
central mass of the cantilever micro-structure using UV-cured adhesive through microscope
platform observation. The preparation of the micro-structure of the sensor is shown in
Figure 5.
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Figure 5. Secondary integration of sensor micro-structure.

The MEMS cardiac sound sensor acoustic encapsulate matching diagram is shown
in Figure 6. The acoustic propagation theory in the 3-layer media holds that there is an
enlargement of the reflection coefficient when the sound is input on the boundary between
two differing media. Acoustic energy transmission, on the other hand, shows reduction
as the impedance difference becomes greater. The reflection between the stethoscope and
the skin intensifies as the two are in contact, leading to less sound energy transmission, as
well as stronger attenuation [26]. Therefore, in order to maximally perceive and acquire
the cardiac sound signal, the cardiac sound transmitted through the human tissue can be
transmitted to the MEMS-based sensor for heart sounds without significant attenuation.
Additionally, the concave structure of the cilium is parallel to the waterproof and sound-
transmitting film (the main material is e-PTFE) to ensure the maximum cilium area for
acoustic signal acquisition. Moreover, the medical silicone oil (20 cst) packaging material is
selected to match the soft-tissue acoustic impedance traits in humans, so as to match the
acoustic impedance of the sensor in the test environment. The velocities of sound and the
characteristic acoustic impedances for various media can be found in Table 3.

47173
(Zg + Zl)ZCOS2 (sz) + (Zz + Z1Z3/Zz)25in2 (sz)

T— (10)

where, Z1, Z,, and Z3 separately represent the acoustic eigen impedances for a 3-layer
medium comprising the human soft tissue, the porous e-PTFE (expanded polytetrafluo-
roethylene) membrane, and the medical silicone oil. k, denotes the quantity of acoustic
waves transmitted via the e-PTFE medium, and Y denotes the thickness of the e-PTFE
medium. As is clear from Formula (10), the acoustic transmission coefficient is capable
of approximating 1 only in case the acoustic eigen impedances in the 3-layer medium are
mutually approached, or in case the intermediate e-PTFE medium is sufficiently thin [27].

\\7;/1‘ Stethoscope case
.’/ - \ ~ p

s

: Heart sound circuit board

1\ ]
‘ |
| Heart sound signal |
\ | Fixed hanger
\ f
| ‘l Inner film support

Figure 6. MEMS cardiac sound sensor acoustic encapsulate matching diagram.
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Table 3. Acoustic velocity values and characteristic acoustic impedances in varying media.

Medium Density Acoustic Characteristic
[p (Kg/m®)] Impedance [z (Pa-s/m)]

Atmosphere (20 °C) 1.21 415

Water (20 °C) 998 1.48 x 100

Blood 1055 1.656 x 10°

Soft tissue 1016 1.524 x 10°

Muscle 1074 1.684 x 10°

Medical coupling agent 950~1016 1.5~1.7 x 10°

Probe packaging architecture is designed for the MEMS-based heart sound sensor,
with an emphasis on its pickup traits and the method of acoustic matching packaging.
Additionally, the sensor probe is mainly composed of a stethoscope shell, waterproof
and sound-permeable film, inner support of the film, fixed ear, oil injection hole, and
air guide hole. On the premise of sealing the waterproof sound-permeable film, the
film internal support structure was added and the film internal support was placed for
auscultation, as illustrated in Figure 7a,b. In addition, the inner support of the film can also
enhance the stiffness of the sound permeable film, so as to improve the natural frequency
of the acoustically permeable film and evade its impact on the cardiac sound auscultation
process. The medical silicone oil (20 cst) matches with the acoustic impedance of the
sensor, aiming to lower the sound loss during the process of cardiac sound auscultation,
improve the auscultation effect, and reduce the loss of cardiac sound distortion and weak
cardiac murmur.

(a) Stethoscope case (b) Inner film support

Guide hole

Fixed hanger

Thin film Qil injection hole

Figure 7. (a) Design of MEMS cardiac sound sensor probe. (b) MEMS cardiac sound sensor probe
design side view.

Fixed ears are sited on both sides of the stethoscope shell to fix the sensor probe at
the cardiac sound auscultation position on the surface of human skin, so as to reduce
the shaking noise caused by arm shaking when doctors hold the stethoscope probe and
the friction noise resulting from friction between the sensor probe and the surface of
human skin. Cardiac sound signals are transmitted to the surface of the thoracic cavity
through human tissue and are sensed by the probe of the proposed heart sound sensor. The
block diagram for overall system design is presented in Figure 8, and the encapsulation
illustration of the sensor can be found in Figure 9.
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Figure 9. Overall packaging of MEMS cardiac sound sensor.

3. Results
3.1. Simulation and Results

For determining the optimal cilium structural size and improving the performance
of the cardiac sound sensor, COMSOL was used to parameterize the cilium size and ar-
chitecture. In the model of integrated hollow concave cilium architecture displayed in
Figure 2d, r, h, d and e refer, respectively, to the radius, height, diameter, and width of the
hollow concave cilium; M represents the concave depth; and z stands for the hollow diame-
ter. Due to the fabrication technical limitations, the scope of optimization for the cilium
architecture size is 0.14 mm < r < 0.17 mm, 2.5 mm < 1 <55 mm, 1.4 mm < d < 2.3 mm,
0.33 mm < e <0.42 mm, and 0.01 mm < z < 0.08 mm.

An iterative technique was employed to conduct a simulation using FEA (finite ele-
ment analysis). Figure 10a,c depict the enhancement of natural frequency with increasing
r and its weakening with increasing , d and e. According to Figure 10b,d, weakening of
maximum stress is noted on the cantilever beam with increasing r and #, while as e rises,
reduction of stress is observed. According to Figure 11a,b, with increasing M and z, the
natural frequency also exhibits an increase.

With the consideration of practical demands on sensitivity and working frequency
band, the dimensions of the concave hollow cilium micro-structure were determined as
follows: cilium height was 4.9 mm; cilium radius was 0.165 mm; concave radius was 1 mm;
overall concave width was 0.34 mm; concave depth was 0.12 mm, and hollow diameter
was 0.05 mm.
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the maximum stress on the beam.
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Figure 11. (a) Effects of the concave depth M on the natural frequency. (b) Effects of the hollow
diameter z on the natural frequency.

Based on the simulation, we determined the specific size of the hollow concave cilium.
The micro-structure’s performance at this size needs to be simulated and analyzed for
verifying design feasibility. Because the working environment of the cilium is medical
silicone oil (20 cst), wet-mode simulation of the micro-structure was performed. With the
same cilium size, the natural frequency for the planar ciliary micro-structure in medical
silicone oil is as seen in Figure 12a, while that for the concave hollow ciliary micro-structure
in medical silicone oil is as seen in Figure 12b. For the micro-structure, its natural frequency
in a medical silicone oil environment was 829 Hz, satisfying the cardiac sound sensor’s
requirements for operating frequency range. COMSOL simulation results showed that the
optimized bionic micro-structure broadens the sensor’s working frequency band.

Furthermore, a stress simulation on the cantilever beam was performed. The X-
directional stress magnitude variation was derived for the cantilever beam by applying
1 Pa acoustic pressure to the cilium in the X-direction [23]. Figure 13 pinpoints the maximum
linear stress concentration area of the cantilever beam, where the maximal stress can be
found from the cantilever beam’s junctions with the central mass block and with the
support frame. To endow the sensor with low-frequency high sensitivity, the piezoresistors
should be laid out at the location of maximal stress. For the hollow concave cilium micro-
structure, its cantilever beam stress graph is displayed in Figure 13, where maximum stress
of 1.1996 x 105 N/m? is required for the cilium micro-structure’s integration. Because the
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simulation analysis shows that hollow cilium has a wide working frequency band and high
sensitivity, the hollow cilium structure is designed feasibly.

(a) Frequency:676Hz o  (b)Frequency:829Hz o

mm x107* mm %105
| 0 9 ‘ 0

8

7

o

Figure 12. (a) Natural frequency in planar micro-structures. (b) Natural frequency in hollow concave
micro-structures.

Maximum stress area o

s
\,

Lo
2

15 -1 -us 0
Length|mm]

Figure 13. Centralized stress simulation of the cantilever beam micro-structure.

3.2. Experiments and Results

The principle of the system for calibrating standing-wave tubes is seen in Figure 14a.
The system consists of the voltage source, signal generator, power amplifier, standing
wave barrel, transmitting transducer, standard sound sensor, and oscilloscope. Sound is
generated by a signal generator, and the signal is amplified by the power amplifier and
transmitted to the standing-wave barrel, and then converted into a standing wave by the
transmitting transducer. The sound signal received by the MEMS heart-sound sensor can
be read out by the oscilloscope. The sensitivity of the bionic MEMS heart-sound sensor
was tested in a standing-wave bucket by comparison calibration of the voltage signal of the
standard sound sensor and MEMS heart-sound sensor. The standing-wave bucket contains
a standing wave-sound field. The frequency of calibration is 1/3 times octave, based on the
acoustic pressure distribution principle for the stationary wave acoustic field. Moreover,
the sensitivity M), of the measured sensor is expressed as Formula (11) [25]. Figure 14b
is the low-frequency linear curve of the acoustic encapsulated sensor, which shows the
influence of the inner support of the encapsulated waterproof sound-permeable membrane
on the low-frequency linearity of the sensor.
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Figure 14. (a) Principle of calibrating standing-wave tube. (b) Acoustic encapsulate sensor low-
frequency linear curve.

Additionally, following the comparative calibration principle, the sensitivity assess-
ment for MEMS-based cardiac sound sensors was accomplished with the standard sensor
calibration system. The sensor under test and the standard sensor were put in water of
an identical depth in the standing-wave tube so that the planar acoustic signals could
be received from the acoustic emission sensor at the standing-wave tube’s bottom. The
acoustic information sent out from the acoustic emission sensor could then be enlarged by
a power amplifier and transferred to the acoustic emission sensor. Finally, the standard
sensor received and converted acoustic information to a voltage signal and exhibited the
information on an oscilloscope. Figure 15a shows the test system for the foregoing tube
calibration scheme. The frequency of calibration is 1/3 times octave, in accordance with
the acoustic pressure distribution principle for the stationary-wave acoustic field. The
sensitivity M, of the measured sensor is expressed as Formula (11) [25]:

ey sinkd
= 2 = 11
My = My + Olg(e0 coskd) (11)
where My means the sensitivity level in the standard sensor (My = —170 dB); e, and e

indicate the open circuit voltages in the MEMS-based cardiac sound sensor and standard
acoustic sensor, respectively; d represents the distance from the standing-wave tube’s water
surface to the MEMS-based cardiac sound sensor; and k denotes the number of waves,
where k = 27t/ c, with f representing the excitation signal frequency and c representing
the sound velocity. The sensitivity curves of MEMS cardiac sound sensors with integrated
planar and hollow concave cilia are displayed separately in Figure 15b.
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Figure 15. (a) Calibration system for the standing-wave tube. (b) Sensitivity curves of MEMS cardiac
sound sensor with integrated planar cilium and with integrated hollow concave cilium.

3.3. Performance Results

Figure 16a,b describe the heart-sound signal and static noise test results of the 3M
electronic stethoscope respectively, while Figure 17a,b show the heart-sound signal and
static noise test results of the sensor designed in this paper. As is clear, the SNR reaches



Micromachines 2022, 13, 2174

13 of 15

26.471 dB in the MEMS cardiac sound sensor and 21.233 dB in the 3M electronic stethoscope.
With a 5.238 dB higher SNR than the control, the proposed MEMS cardiac sound sensor
is proven feasible for collecting acoustic signals of the heart. As also corroborated by the
experimental results, the present micro-structure design scheme is reasonable. The SNR
can be calculated using Formula (12) [25], and Table 4 details the experimental acoustic
signal data of the heart:

SNR = 2010g< Vs ) (12)

11

where Vs denotes the peak cardiac sound output and V), refers to the stethoscope back-
ground noise.
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Figure 16. (a) The cardiac sound test results for a 3M Littmann 3200 stethoscope. (b) The static noise
for a 3M Littmann 3200 electronic stethoscope.
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Figure 17. (a) The cardiac sound test results of the MEMS cardiac sound sensor. (b) The static noise
of the MEMS cardiac sound sensor.

Table 4. Heart-sound signal test data.

First Heart Sound  Second Heart Sound Background

Parameter Duration (ms) Duration (ms) Ve.p (mV) Noise (mV) SNR (dB)
3M electronic stethoscope 130.125 95.5 1366.475 118.56 21.233
MEMS cardiac sound sensor  134.25 93.125 138.24 6.5625 26.471
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4. Discussion

To fulfill the requirements of high sensitivity at low frequencies and wideband cardiac
murmur signal detection at the same size, the present work put forward that a MEMS
heart-sound sensor with an integrated hollow ciliary architecture is distinctly superior in
several aspects. By comparing the two groups of experimental data, it can be seen that the
index parameters of the MEMS electronic stethoscope and 3M electronic stethoscope are
consistent in the time domain, and the time ratio between systolic and diastolic periods is
about 3:5, which is consistent with medical theory and the detection performance of heart-
sound signals of the same type stethoscope [28-32]. The comparison of the two methods
of heart-sound signal acquisition further indicates the reliability of the MEMS electronic
stethoscope designed in this paper. Compared with flat cilia, concave cilia have a good
performance advantage, but because of its complexity and high precision requirements,
it poses a challenge for the mass manufacturing of a MEMS electronic stethoscope of
this type. The processing and design of biomimetic cilia provide a new direction for
subsequent research.

5. Conclusions

To conclude, this study designed a MEMS cardiac sound sensor with a hollow concave
cilium. First, in comparison with the integrated planar ciliated MEMS cardiac sound sensor,
the concave hollow ciliary architecture has a sensitivity of up to —206.9 dB at 200 Hz, and
its working bandwidth and sensitivity are increased by 170 Hz and 6.5 dB, respectively,
realizing high sensor sensitivity at low frequencies, as well as broadband traits. Secondly,
apart from lowering the cardiac sound distortion loss and faint cardiac murmur, the acoustic
matching encapsulation design makes the auscultation more effective as well. Finally, as
demonstrated by the experimental outcomes, the hollow concave ciliated MEMS sensor for
heart sounds exhibited a 26.471 dB SNR, a value 5.238 dB higher compared to the electronic
stethoscope from 3M Littmann.

Author Contributions: B.W. completed the sensor design, simulation and test experiments; Y.Y., J.C.,
G.Z,RW,W.Z,YL,PS, SW. and C.H. gave guidance and advice. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by the National Key Research and Development Project (Grant
No. 2019YFC0119800), Fundamental Research Program of Shanxi Province (No. 20210302124203,
20210302123027), National Natural Science Foundation of China (Grant No. 52175553), National
Natural Science Foundation of China as the National Major Scientific Instruments Development
Project (Grant No. 61927807), and the fund for Shanxi 1331 Project Key Subject Construction and
Innovation Special Zone Project.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Montinari, M.R.; Minelli, S. The first 200 years of cardiac auscultation and future perspectives. . Multidiscip. Healthc. 2019, 12,
183-189. [CrossRef] [PubMed]
2. Resnekov, L. Understanding heart sounds and murmurs, with an introduction to lung sounds. JAMA 1985, 254, 124-125.

[CrossRef]

3. Redlarski, G.; Gradolewski, D.; Palkowski, A. A system for heart sounds classification. PLoS ONE 2014, 9, e112673. [CrossRef]

[PubMed]

4. Zhang, G.; Liu, M.; Guo, N.; Zhang, W. Design of the MEMS piezoresistive electronic heart sound sensor. Sensors 2016, 16, 1728.

[CrossRef]

5. Phua, K.; Chen, J.; Dat, TH.; Shue, L. Heart sound as a biometric. Pattern Recognit. 2008, 41, 906-919. [CrossRef]
6. Bifulco, P; Gargiulo, G.D.; d’Angelo, G.; Liccardo, A.; Romano, M.; Clemente, F; Cesarelli, M. Monitoring of respiration,
seismocardiogram and heart sounds by a PVDF piezo film sensor. Measurement 2014, 11, 786-789.


http://doi.org/10.2147/JMDH.S193904
http://www.ncbi.nlm.nih.gov/pubmed/30881010
http://doi.org/10.1001/jama.1985.03360010134047
http://doi.org/10.1371/journal.pone.0112673
http://www.ncbi.nlm.nih.gov/pubmed/25393113
http://doi.org/10.3390/s16111728
http://doi.org/10.1016/j.patcog.2007.07.018

Micromachines 2022, 13, 2174 15 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

Liu, Y,; Norton, J.].S.; Qazi, R.; Zou, Z.; Ammann, K.R,; Liu, H.; Yan, L.; Tran, PL.; Jang, K.-I.; Lee, JW.; et al. Epidermal
mechano-acoustic sensing electronics for cardiovascular diagnostics and human-machine interfaces. Sci. Adv. 2016, 2, e1601185.
[CrossRef]

Jain, PK.; Tiwari, A.K.; Chourasia, V.S. Performance analysis of seismocardiography for heart sound signal recording in noisy
scenarios. . Med. Eng. Technol. 2016, 40, 106-118. [CrossRef]

Anumukonda, M.; Chowdhury, S.R. Heart sound sensing through MEMS microphone. In Sensors for Everyday Life; Springer:
Berlin/Heidelberg, Germany, 2017; pp. 121-134.

Fattah, S.A.; Rahman, N.M.; Maksud, A.; Foysal, S.I.; Chowdhury, R.I.; Chowdhury, S.S.; Shahanaz, C. Stetho-phone: Low-cost
digital stethoscope for remote personalized healthcare. In Proceedings of the 2017 IEEE Global Humanitarian Technology
Conference (GHTC), San Jose, CA, USA, 19-22 October 2017; pp. 1-7.

Choudhary, T.; Sharma, L.N.; Bhuyan, M.K. Heart sound extraction from sternal seismocardiographic signal. IEEE Signal Process.
Lett. 2018, 25, 482-486. [CrossRef]

Martinek, R.; Kahankova, R.; Nedoma, J.; Fajkus, M.; Nazeran, H.; Nowakova, J. Adaptive signal processing of fetal PCG recorded
by interferometric sensor. In Proceedings of the Fourth Euro-China Conference on Intelligent Data Analysis and Applications,
Maélaga, Spain, 9-11 October 2017; pp. 235-243.

Lee, K.; Ni, X,; Lee, ].Y.; Arafa, H.; Pe, D.J.; Xu, S.; Avila, R.; Irie, M,; Lee, ].H.; Easterlin, R.L.; et al. Mechano-acoustic sensing of
physiological processes and body motions via a soft wireless device placed at the suprasternal notch. Nat. Biomed. Eng. 2020, 4,
148-158. [CrossRef]

Ha, T,; Tran, J.; Liu, S.; Jang, H.; Jeong, H.; Mitbander, R.; Huh, H; Qiu, Y,; Duong, J.; Wang, R.L.; et al. A chest-laminated ultrathin
and stretchable E-Tattoo for the measurement of electrocardiogram, seismocardiogram, and cardiac time intervals. Adv. Sci. 2019,
6,1900290. [CrossRef] [PubMed]

Gupta, P.; Moghimi, M.].; Jeong, Y.; Gupta, D.; Inan, O.T.; Ayazi, F. Precision wearable accelerometer contact microphones for
longitudinal monitoring of mechano-acoustic cardiopulmonary signals. NPJ Digit. Med. 2020, 3, 19. [CrossRef] [PubMed]
Andreozzi, E.; Gargiulo, G.D.; Esposito, D.; Bifulco, P. A novel broadband forcecardiography sensor for simultaneous monitoring
of respiration, infrasonic cardiac vibrations and heart sounds. Front. Physiol. 2021, 12, 725716. [CrossRef] [PubMed]
Centracchio, J.; Andreozzi, E.; Esposito, D.; Gargiulo, G.D.; Bifulco, P. Detection of Aortic Valve Opening and Estimation of
Pre-Ejection Period in Forcecardiography Recordings. Bioengineering 2022, 9, 89. [CrossRef] [PubMed]

Andreozzi, E.; Centracchio, J.; Esposito, D.; Bifulco, P. A Comparison of Heart Pulsations Provided by Forcecardiography and
Double Integration of Seismocardiogram. Bioengineering 2022, 9, 167. [CrossRef] [PubMed]

Li, H,; Ren, Y,; Zhang, G.; Wang, R.; Zhang, X.; Zhang, T.; Zhang, L.; Cui, J.; Xu, Q.; Duan, S. Design of a high SNR electronic heart
sound sensor based on a MEMS bionic hydrophone. AIP Adv. 2019, 9, 015005. [CrossRef]

Everest, FEA.; Pohlmann, K.C. Master Handbook of Acoustics; McGraw-Hill Education: New York, NY, USA, 2022.

Lv, N.; Jiang, W.; Hu, K; Lyu, Z. Synchronous construction of piezoelectric elements and nanoresistance networks for pressure
sensing based on the wheatstone bridge principle. ACS Appl. Electron. Mater. 2021, 3, 3936-3947. [CrossRef]

Wang, R.; Shen, W.; Zhang, W.; Song, J.; Li, N.; Liu, M.; Zhang, G.; Xue, C.; Zhang, W. Design and implementation of a jellyfish
otolith-inspired MEMS vector hydrophone for low-frequency detection. Microsyst. Nanoeng. 2021, 7, 1. [CrossRef]

Zhang, G.J. The Research of Cilium MEMS Vector Hydrophone. Ph.D. Dissertation, School of Marine Science and Technology,
Acoustics, Northwestern Polytechnical University, Xi’an, China, 2015.

Chen, T.-H. Analysis Method of Heart Sound and ECG Signal Based on Modern Signal Processing Technology; China Machine Press:
Beijing, China, 2012.

Shi, P; Li, Y.; Zhang, W.; Zhang, G.; Cui, J.; Wang, S.; Wang, B. Design and Implementation of Bionic MEMS Electronic Heart
Sound Stethoscope. IEEE Sens. |. 2021, 22, 1163-1172. [CrossRef]

Wu, W.Z,; Guo, X.M,; Xie, M.L.; Xiao, Z.F; Yang, Y.; Xiao, S.Z. Research on first heart sound and second heart sound amplitude
variability and reversal phenomenon-a new finding in athletic heart study. J. Med. Biol. Eng. 2009, 29, 202-205.

Pedersen, P.C.; Tretiak, O.; He, P. Impedance-matching properties of an inhomogeneous matching layer with continuously
changing acoustic impedance. J. Acoust. Soc. Am. 1982, 72, 327-336. [CrossRef]

Dwivedi, A.K,; Imtiaz, S.A.; Rodriguez-Villegas, E. Algorithms for automatic analysis and classification of heart sounds—A
systematic review. IEEE Access 2018, 7, 8316-8345. [CrossRef]

Son, G.Y.; Kwon, S. Classification of heart sound signal using multiple features. Appl. Sci. 2018, 8, 2344.

Ali, M.N.; el Dahshan, E.S.A ; Yahia, A.S. A review of intelligent systems for heart sound signal analysis. ]. Med. Eng. Technol.
2017, 41, 553-563.

Varghees, V.N.; Ramachandran, K. Effective heart sound segmentation and murmur classification using empirical wavelet
transform and instantaneous phase for electronic stethoscope. IEEE Sens. J. 2017, 17, 3861-3872. [CrossRef]

Chen, T.E; Yang, S.I.; Ho, L.T.; Tsai, K.H.; Chen, YH.; Chang, Y.F; Lai, YH.; Wang, S.S.; Tsao, Y.; Wu, C.C. S1 and S2 heart sound
recognition using deep neural networks. IEEE Trans. Biomed. Eng. 2016, 64, 372-380.


http://doi.org/10.1126/sciadv.1601185
http://doi.org/10.3109/03091902.2016.1139203
http://doi.org/10.1109/LSP.2018.2801341
http://doi.org/10.1038/s41551-019-0480-6
http://doi.org/10.1002/advs.201900290
http://www.ncbi.nlm.nih.gov/pubmed/31380208
http://doi.org/10.1038/s41746-020-0225-7
http://www.ncbi.nlm.nih.gov/pubmed/32128449
http://doi.org/10.3389/fphys.2021.725716
http://www.ncbi.nlm.nih.gov/pubmed/34867438
http://doi.org/10.3390/bioengineering9030089
http://www.ncbi.nlm.nih.gov/pubmed/35324778
http://doi.org/10.3390/bioengineering9040167
http://www.ncbi.nlm.nih.gov/pubmed/35447727
http://doi.org/10.1063/1.5062619
http://doi.org/10.1021/acsaelm.1c00509
http://doi.org/10.1038/s41378-020-00227-w
http://doi.org/10.1109/JSEN.2021.3131001
http://doi.org/10.1121/1.388085
http://doi.org/10.1109/ACCESS.2018.2889437
http://doi.org/10.1109/JSEN.2017.2694970

	Introduction 
	Materials and Methods 
	Principle and Structure 
	Encapsulation Method 

	Results 
	Simulation and Results 
	Experiments and Results 
	Performance Results 

	Discussion 
	Conclusions 
	References

